time and that these management strategies would affect the resulting population genetic structure. We found trends indicating that the effective population size at the translocation site increased while that at the reintroduction sites diminished over time. The inbreeding coefficient of the translocated population diminished over time (from 0.38 to 0.03) and was much lower than that of the native (0.29) and reintroduced (0.13) recent populations. We observed a greater genetic admixture among the reintroduced sites on the historic sampling, as well as a strong genetic structure at the translocation site. In the recent sampling, the population structuring became more site-related suggesting low or inconsistent gene flow between sampling sites. This research highlights how conservation management decisions have an important influence on the genetic outcome of translocations and reintroductions. Future conservation planning should consider population genetic monitoring before and after management measures and maintain population connectivity thereafter to avoid the negative effects of a population size reduction.
Introduction
Reintroductions (captive-born animals introduced into the species' original distribution area) and translocations (free-living animals transferred to another location within the historical distribution area) (Kleiman 1989 ) are strategies useful to reverse the decline of endangered species and avert extinction (Griffith et al. 1989; Kleiman 1989; Fischer and Lindenmayer 2000; Seddon et al. 2007 ; IUCN/SSC 1 3 2013). The objective of these conservation strategies is to establish viable populations over time by increasing population size of new or existing populations and by increasing or maintaining genetic diversity (Griffith et al. 1989; Kleiman 1989; Sigg et al. 2005) . Since reintroductions emerged as a conservation option, the number of reintroduced and translocated animal species has increased (for review, see Fischer and Lindenmayer 2000; Seddon et al. 2007) , the same occurring for the number of successful programs (e.g., Parker 2008; Michaelides et al. 2015; Mowry et al. 2015) .
Two of the main goals of translocation and reintroduction programs are to increase genetic diversity and to counteract the effects of inbreeding depression in small populations (IUCN/SSC 2013). Due to these putative genetic outcomes, several studies have focused on the genetic effects of reintroduction or translocation on genetic diversity, for example Notiomystis cincta (Brekke et al. 2011) , Mustela nigripes (Cain et al. 2011) , Vulpes velox (Cullingham and Moehrenschlager 2013; Sasmal et al. 2013) , Psittacula echo (Tollington et al. 2013) , and Gongylomorphus bojerii (Michaelides et al. 2015) . Few of these studies have used more than one sampling period to characterize the genetic diversity of these managed species (e.g., Cullingham and Moehrenschlager 2013; Tollington et al. 2013) , which makes it difficult to monitor the consequences of reintroduction and translocation over time. Genetic monitoring over time is especially important for the planning of management strategies that will guarantee persistence of wild animals, particularly when they were reintroduced or translocated to a fragmented habitat (De Barba et al. 2010) . Nevertheless, these measurements are rarely available.
The golden lion tamarin, Leontopithecus rosalia, provides an example of successful reintroductions and translocations. It is the only primate whose threat status has improved (from "critically endangered" to "endangered", Kierulff et al. 2008 ) through conservation efforts supported by translocations and reintroductions . L. rosalia is considered a model for similar conservation programs, particularly those developed for threatened species and/or Neotropical arboreal primates. One of the goals of the translocation and reintroduction of L. rosalia was to increase and recover the genetic diversity of wild populations (Kierulff et al. 2002 ). Yet, the consequences of these interventions for genetic diversity have not been quantified at the molecular level. This test case provides an opportunity to assess temporal and spatial genetic processes in a species reestablished via reintroductions and translocations into a fragmented landscape.
The aim of the present research was to assess whether the conservation programs supported by reintroduction and translocation were effective in increasing and recovering genetic diversity and, consequently, in the conservation of this endangered species. To achieve this, we assessed the genetic variability within and between (a) unmanaged wild (native), (b) translocated, and (c) reintroduced L. rosalia populations sampled in fragments of the Atlantic Forest with varied degrees of habitat loss and fragmentation over two time periods. Although this is a fairly limited timeframe to observe changes in genetic diversity (≤2 generations), two study periods generating genetic indices are more robust to evaluate management strategies than a single sampling period (De Barba et al. 2010; Habel et al. 2014 ). We hypothesized that (i) the effective population size (N e ) would increase over time as field surveys indicated a population increase, (ii) the genetic diversity would increase in accordance with the expectation for the effective population size, and (iii) the translocated and reintroduced populations would undergo genetic structuring due to founder effects, and the subsequent population isolation caused by habitat fragmentation. On the other hand, we expected that the native population would remain as a single population over time and distinct from the other populations due to two factors: it was not genetically managed and it remained isolated from the other populations.
Methods

The golden lion tamarin as a model species
The golden lion tamarin is an endangered, small arboreal primate-average body mass 598-620 g (Dietz et al. 1994 )-endemic to the Atlantic Forest, Rio de Janeiro State, Brazil, and threatened with extinction (Kierulff et al. 2008) . Their social system consists of small family groups (3-14 individuals) with cooperative breeding and a typically monogamous mating system with occasional polygamy (Baker et al. , 2002 Dietz and Baker 1993) . Tamarins reach sexual maturity between 18 and 24 months of age (Dietz et al. 1994; Baker et al. 2002) , and both sexes disperse with bias toward male dispersal (Baker and Dietz 1996; Baker et al. 2002) . Successful reproduction is usually achieved around 4 years of age; generation time varies between 6 and 7 years (Holst et al. 2006) .
In 1964, L. rosalia was included in Brazil's first list of threatened species. In 1975, estimates suggested less than 400 individuals remained in the wild (Coimbra-Filho and Mittermier 1977) . At this time, L. rosalia occurred in only two regions along São João River Basin (SJRB), Rio de Janeiro state (RJ), Brazil: Poço das Antas Biological Reserve (PDA) and the private forest fragments in northwestern SJRB (Fig. 1) . These small populations were considered incapable of sustaining themselves over time without demographic intervention and the restoration of forest habitat (Kleiman et al. 1986 ). Therefore, a long-term conservation program began in 1981 and included, among other measures, (i) the reintroduction of captive animals in SJRB, and (ii) the translocation of wild isolated social groups to a continuous forest of a private farm, currently protected as União Biological Reserve (REBIO União) (Kleiman et al. 1986; Beck et al. 1991; Kierulff 2000; Kierulff et al. 2002) .
In 1984, the reintroduction program for L. rosalia started based on criteria including the number of individuals in captivity, habitat suitable for the species, and the necessity of increasing genetic diversity of the wild population. Between 1984 and 2000, 147 individuals born in captivity were reintroduced into the wild. The reintroduced population had a pedigree lineage distribution equivalent to a captive population Mickelberg 2011) . The individuals were reintroduced in social groups in forest fragments uninhabited by and distant from other areas occupied by the species. Generally, one social group was reintroduced per forest fragment, except in large fragments (e.g. REVR in Fig. 1 ). By 1997, 95% of the individuals were reintroduced. However, only 14% of the captive-born reintroduced animals remained alive at this date. When the reintroductions were concluded, the number of reintroduced L. rosalia and their offspring born in the wild reached 359 individuals (Kierulff et al. 2002) .
Translocations began later than reintroductions. The decision to translocate wild individuals of L. rosalia was made after a regional-wide survey done between 1990 and 1992 detected small populations living in small fragments (0.2-2 km 2 ), with high risk of total habitat loss (Kierulff and Rylands 2003) . Between 1994 and 1997 all 42 tamarins from six social groups inhabiting four isolated coastal forest fragments were translocated to REBIO União (Fig. 1) . This location was chosen due to its large size (around 2500 ha) of preserved forest uninhabited by and distant from other areas occupied by the species (Kierulff and Procópio-de-Oliveira 1996; Kierulff 2000) . Even though the landscapes and timescales of the translocations and reintroductions were different, this study is a heuristic comparison of two different conservation actions on genetic diversity.
Study area and sample collection
The study area is located within the current L. rosalia distribution: SJRB and REBIO União (Fig. 1) . SJRB is characterized by remnants of Atlantic Forest, a highly fragmented and threatened biome (Ribeiro et al. 2009 ). REBIO União is adjacent to SJRB and currently comprises 2548 ha. The forests of both conservation units (SJRB and REBIO União) are divided in two sections by the BR 101 federal highway (ICMBio 2016) . The vegetative cover is taller and the mean linear distance between fragments is less in the northern part than in the southern portion of BR 101 ). The descendant generations of the reintroduced captive-born animals as well as the unmanaged (native) L. rosalia are distributed throughout SJRB; the descendant generations of the translocated wild groups are distributed throughout REBIO União (Holst et al. 2006) .
The geographic locations of the native, reintroduced, and translocated social groups sampled in this study in 1996-1997 (hereafter referred to as 'historic'), and in 2007 and 2009 (hereafter referred to as 'recent') are given in Fig. 1 . In the historic period we sampled the reintroduced individuals and their descendants, and the translocated individuals; while in the recent period only descendant individuals of both conservation strategies were sampled. We collected hair samples at six sampling sites. One site contained social groups of native individuals (NT), one site contained social groups of translocated individuals (TR), and four sites contained social groups of reintroduced individuals (RE). Reintroduced sites were further classified according to their geographic locations: REAE (Andorinha-Estreito fragment in the region of Imbaú); REAVI (São Francisco and Igarapé fragments, Aldeia Velha region); REAVII (Vale do Cedro fragment, also Aldeia Velha region); and, REVR, known as Rio Vermelho, which is a large and isolated forest fragment (1740 ha) containing approximately 20 social groups. Two fragments (PDA and Parque Municipal do Mico-Leão-Dourado-PMLD) both with known native animals were not sampled (Fig. 1) .
We collected hair samples from 239 individuals from around 65 social groups; some of them were resampled between the study periods ( Fig. 1) . Eighty-two individuals were from the historic period, and 152 individuals were from the recent period. For REAE, additional samples (n = 5) were included from an intermediate period (2003) . Animal capture followed the protocol described in Dietz et al. (1994) . Hair samples of animals were collected by the Golden Lion Tamarin Association (Associação MicoLeão-Dourado-AMLD) field team over consecutive years and stored in silica. We selected the individuals and sampling sites for this study with the assistance of AMLD field records, which identify the individual, sex, age or age category, date of birth, date of reintroduction and the social group of origin in a given period.
A minimum number of sampled individuals were defined using accumulation curves based on the expected heterozygosity for all 14 microsatellite loci in each sampling site. Through these accumulation curves, we evaluate whether the sample size in each site would give a good estimate of genetic indices. We carried out accumulation curves by random sampling from one to the total number of sampled individuals in each site using 1000 permutations. In each permutation for a given number of sampled individuals, we estimated the expected heterozygosity and thus built the accumulation curves. We observed equity in estimates of expected heterozygosity when we sampled five or more individuals per sample site (Fig. S1 ). This analysis was carried out in R 3.2.2 software (R code in Supplementary Material).
DNA extraction and genotyping
We extracted DNA from hair samples using DNeasy Blood and Tissue Kits (Qiagen, Valencia, CA, USA) following the manufacturer's protocol. We tested 17 microsatellites developed for L. rosalia (Grativol et al. 2001) , L. chrysopygus (Perez-Sweeney et al. 2005) and L. chrysomelas (Galbusera and Gillemot 2008) . Three of them were monomorphicsLchu1, 2 and 5 (Galbusera and Gillemot 2008)-and were excluded from the analyses. The primers for the remaining 14 useful microsatellites were constructed with M13 tails and used in combination with an M13-labeled primer, following the protocol established by Schuelke (2000) .
PCR reactions (12 µL) contained 2 µL of DNA (about 10 ng), 0.46 pmol of each reverse and M13-fluorescent primers, 0.12 pmol of M13-tailed forward primer, 1× of the GoTaq Master Mix (Promega, Madison, WI, USA), and an addition of 0.63 mM of MgCl 2 and 0.25 mg/mL of BSA. We performed the DNA amplifications using a thermo Veriti ® Thermal Cycler (Applied Biosystems, Foster City, CA, USA) under the following conditions: 5 min at 94 °C, 35 cycles of 30 s denaturation at 94 °C, annealing for 45 s at 55-62 °C, extension for 45 s at 72 °C, and finally 10 cycles of 30 s denaturation at 94 °C, annealing for 45 s at 53 °C, extension for 45 s at 72 °C, followed by a final extension step of 10 min at 72 °C. PCR reactions were carried out for each locus separately, and products from one to eight loci were pooled together based on yield, size range and fluorescent dye for genotyping. The microsatellites' genotyping was performed in the ABI 3730XLs automatic sequencer (Applied Biosystems, Foster City, CA, USA) using GS 500 Liz size standard, and they were scored in Geneious R8 (Biomatters, Auckland, NZ). We amplified additional PCR replicates for samples with missing loci and 5% of the samples (12) were chosen randomly to estimate the genotyping error rate and to confirm reliability. We estimated the error rate as the ratio between observed number of allelic differences and total number of allelic comparisons (Bonin et al. 2004) . The individual samples with more than 30% of missing loci even after additional amplifications were removed from the analysis.
Data analyses
Sampling set and genetic tests
Because L. rosalia lives in family social groups (Baker et al. 2002) and therefore could have a genetic structure reflecting this type of social organization, we tested the effects of the presence of family members on the population structure (Anderson and Dunham 2008) . Three sample sets were tested:
• Set 1, using the full set of samples (n = 239);
• Set 2, excluding the young individuals (aged <2 years) within the social groups in an attempt to reduce the influence of strongly related individuals on the results (n = 188); • Set 3, resampling one individual per social group through bootstrapping with 1000 permutations, attempting to eliminate the bias of kinship (n = 69). Table S1 shows the number of individuals of L. rosalia in each study site and period used to test the different sampling sets. The accuracy of each sample set was evaluated through the accumulation curve of the expected heterozygosity (see Study area and sample collection, above). After resampling using set 3, at least seven sites retained a sample size below the minimum (<5) (Table S1 ). Therefore, we considered set 3 inadequate for the analyses, and used only set 1 and set 2. Furthermore, we retained samples for REAE from the intermediate period, represented by five available samples, because of its small sample size in the historic period (n = 3).
We performed genetic analyses based on the management type (native, translocation, and reintroduction) and the spatial distribution of L. rosalia assigned as sampling sites (native, translocation, REAE, REAVI, REAVII, REVR). Thus, set 1 and set 2 were analyzed through comparison of (1) the differences between the management types, and (2) the changes that occurred within each sampling site over time. For each sample set we investigated the existence of possible errors in genotyping due to null alleles (frequency >0.1), stuttering, or allele dropout in MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004) . Null alleles occurring with low frequency (<0.1) have no significant influence on the results (Carlsson 2008 ). We performed Hardy-Weinberg Equilibrium (HWE) tests in GENALEX version 6 (Peakall and Smouse 2006) , and we corrected significant deviations from the HWE by using the Bonferroni confidence interval (Rice 1989) .
Temporal changes in effective population size and genetic diversity
We estimated the effective population size (N e ) through the use of both single sample estimates and the temporal method, as implemented in NeEstimator version 2.01 (Do et al. 2014 ). The single point-in-time estimates the inbreeding effective size (N ei ) for all sites and times were generated considering random system and using the linkage disequilibrium method (LDNe) with bias correction. The LDNe method uses the correlation among alleles at unlinked loci and corrected for downward bias due to small sample sizes Do 2008, 2010) . The temporal method was applied to estimate the variance effective size (N ev ) overall and for all sites. This method is related to allele frequency changes due genetic drift. It was based on the unbiased estimator F s that generally performs better than other temporal methods if the sample size is small and the allele frequency is skewed, a common feature in microsatellite data (Jorde and Ryman 2007) . Generation time was set to 6 years, consistent with the generation time of L. rosalia (Holst et al. 2006) , and estimates were generated for all possible combinations of years within sites using Plan I (Waples 2005; Jorde and Ryman 2007) . We assumed census population sizes (N c ) for all SJRB and REBIO União (1500 individuals) and for each sampling site according to Holst et al. (2006) -see Table 1 .
For both single point-in-time and temporal methods, we obtained 95% confidence intervals (CI) using a jackknife procedure (non-parametric data) and excluded allele frequencies lower than 0.02 (Do et al. 2014) , because alleles that occur with low frequency may bias the results (Waples 2006) . Due to the temporal methods having better precision than the moment methods (Wang 2005) , and our research deals with populations in no equilibrium, our N ei results were considered only as tendencies over time (after Brekke et al. 2011) . Following this, we calculated the N e to N c ratio to evaluate if N e based on the genetic data differed from that based on the population census (after Kamath et al. 2015) .
Hierfstat package (Goudet 2005 ) was used in R 3.2.2 software (R Development Core Team 2015) to estimate allele frequencies and inbreeding coefficient (F is ), observed (H o ) and unbiased (H s ) heterozygosity, and allelic richness 1 3 (AR) corrected by the sample size per sampling site across time. We calculated the private allele richness (PR) using HP-Rare (Kalinowski 2005) , which was also corrected by the sample size per sampling site across time. We tested the data normality using Shapiro's test. Since most data differ from normal distribution, we used Kruskal Wallis test (χ 2 and P value reported) to test the existence of significant differences in temporal genetic variation at the sampling site level and at the types of management level. We also tested the significant differences between management types in the recent period. All these analyses were performed in R 3.2.2 software (R Development Core Team 2015).
To quantify the genetic consequences of reintroduction and translocation, we simulated the loss of genetic diversity over 50 years, measured by the mean number of alleles per microsatellite locus (N a ). We used BottleSim version 2.6 (Kuo and Janzen 2003) to simulate post-bottleneck population growth, using 1000 iterations and the following parameters: life-span = 16 years; age at maturity = 4 years; completely overlapping generations; random mating; dioecious reproduction; same sex ratio of females and males; and constant size population. We used the historic dataset to validate the simulations and the chosen parameters up to the recent period, and we proceeded with the analysis until 50 years were reached using the same historic dataset. Following this, we calculated the annual average and standard deviation of loss of alleles over 50 years in the native, translocated and reintroduced populations.
Temporal genetic structure
The Bayesian clusters analyses were conducted to investigate the genetic structure changes within and between the study periods using the STRUCTURE 2.3 software (Pritchard et al. 2000) . To estimate the posterior probability that the data fit the K clusters hypothesis [Pr (X/K)], we used 10 independent runs for K = 1−N (number maximum of K estimated in each test), MCMC of 1,000,000 interactions, and a burn-in period of 200,000 sets. The analysis was done without prior information from the origin population, using the models of admixture and correlated allele frequencies. We determined the number of genetic groups using the optimal value of the posterior probability [K (Pr (X/K)], given as LnP (K) (Pritchard et al. 2000) , and the modal value of ∆K (Evanno et al. 2005 ). These results of K statistics were generated using HARVEST STRUCTURE (Earl and VonHoldt 2012) .
Environmental, historical and demographic factors affect genetic structure. Therefore, we must evaluate different scenarios of K that explained different biological processes (Meirmans 2015) . Other factors that influence the STRUC-TURE results are the sample size (Kalinowski 2011) , the type of sampling (Schwartz and McKelvey 2009) and the degree of kinship between individuals (Anderson and Dunham 2008) . Hence, we considered the biological and historical aspects of L. rosalia in our interpretation of all the optimal and suboptimal values of the K statistic that were congruent between set 1 and set 2. We investigated the temporal genetic structure through Bayesian clustering analyses comparing (1) the differences between sampling sites in each period and (2) the changes within each management type over the years.
Results
Genetic tests
In total, 336 alleles were compared, except for 28 alleles (two individuals) that could not be typed for double amplification. Another 26 alleles were typed for only one extract, but not for the other. Allelic dropout, false alleles or contaminations were not found among the 282 alleles amplified and checked. In addition, the frequency estimates of null alleles were inconsistent across the years and sites, and only the locus Lchu9 had a frequency of null alleles greater than 0.1 in more than three situations (Table S2a and S2b). Therefore, we performed analyses that both excluded and included the locus Lchu9. As there was no significant difference between the results generated with the use of all the loci and those generated while excluding the locus Lchu9, it was maintained in the analyses. Likewise, deviations from the HWE were inconsistent across the years and the sample sites, and they were observed mainly in the translocated samples in the historic and recent periods and in the reintroduced samples in the recent period (Table S3a and S3b). Because results from set 1 (using total individuals) and set 2 (excluding the young individuals, probably related to adults in the social group) were similar, and set 1 had fewer null alleles and preserved the variability of all the individuals in the sample set, we presented mainly the results of set 1 (Table S2a and S2b). The results using set 2 were also included in the Supplementary Material and when pertinent they were cited in the mainly text.
Temporal changes in effective population size and genetic diversity
The overall N ev estimated for L. rosalia was 88 individuals (CI 52-283). The estimates per sampling site by the single method showed that the N ei of the translocated site increased over time. In contrast, a trend to decrease over time was observed in the N ei of the reintroduced sites, although the confidence interval within each site in both study periods overlapped slightly, except in the REVR site (Table 1 ). All estimates concur that N e was lower than N c , except the N ev estimated for REAVII site. As a consequence, low N e /N c ratios were observed in overall estimate (N ev /N c = 0.058) and most of the sampling sites in both study periods (N ei /N c ≤ 0.21 and N ev /N c ≤ 0.66 when excluding REAVII). When comparing the management types in the recent period, the inbreeding coefficient of the translocated individuals was significantly lower than that of the native (Fig. 2e-χ 2 = 5.93, d.f. = 1, Ρ value = 0.015) and that of the reintroduced individuals (Fig. S2e , only in set 2-χ 2 = 8.92, d.f. = 1, Ρ value = 0.003). The observed heterozygosity (H o ) of the native individuals was also significantly lower than that of the translocated (χ 2 = 5.94, d.f. = 1, Ρ value = 0.015) and reintroduced (χ 2 = 9.77, P value ≤0.002) individuals (Fig. 2c) . Although we observed no significant temporal variation in the global genetic diversity of the reintroduced population, when the individuals were subdivided according to their spatial distribution, we recorded significant variations: inbreeding coefficient of the REAVII site increased (Fig. 2e) , while decreases were observed respectively in the H o and PR of the REAVII (Fig. 2c ) and REVR sites (Fig. S2b) . We also observed significant temporal differences in the translocated (Fig. 2b, c , e) and native sites (Fig. 2c, e) . H o increased and F is decreased in the translocated site, while H o decreased and F is increased in the native site. On the other hand PR (Fig. 2b and Fig. S2b ) and allelic frequency (Table S4) showed the highest deficits of alleles over time in the translocated and REVR sites.
The simulation of the variation in average number of alleles until year 2045, using the dataset from the historic period and considering constant population sizes, also showed that in the first year after translocation the loss of alleles was more pronounced (rate of 0.36 alleles per year), and in the subsequent years the annual average loss of alleles was constant (0.02 ± 0.005). In the reintroduced and native populations, the average losses of alleles over years were minor, around 0.01 ± 0.002 and 0.002 ± 0.001, respectively (Fig. 3) . This simulation also produced the mean number of alleles expected in the recent period, the same number as the results obtained in GENALEX using the dataset from the recent period, thereby increasing our confidence in the sampling set used.
Temporal genetic structure
The Bayesian cluster analyses in both the historic and the recent periods showed the highest values of K statistics when K = 2. In both the historic and the recent periods, when K = 2, the translocated populations comprised a single distinct cluster of all the other sites. The sampling sites in the historic period presented the second highest biologically significant value when K = 8 (Table S5 ). For K = 8, the translocated populations were sub-structured in four clusters assigned according to their original distribution prior to translocation (Fig. 4a) . When the sampling sites of the recent period were analyzed together, the wild populations of L. rosalia were again strongly structured in two clusters and sub-structured in three clusters (Table S5 ). In the recent period, the translocated individuals become more similar to each other and the reintroduced individuals also become more similar to each other (Fig. 4b) .
When we investigated the Bayesian clustering within each management type and across the two periods, we did not observe a temporal genetic structure in the native population. In contrast, the translocated population was strongly structured in two clusters (historic and recent) and sub-structured in 3-5 clusters (Table S5) according to their original distribution prior to the foundation of the new population (K = 5, Fig. 4c ). Neither the reintroduced nor the native populations presented temporal differentiation. The reintroduced population, however, presented a strong structure when K = 3 (Table S5) , corresponding to the release sites for the founders (Fig. 4d) .
Discussion
Although the time between the two periods of study was ≤2 generations, our results show temporal genetic variation explained by the sampling sites and the management types. Despite the increase in size of the wild L. rosalia populations over time, N e increased only at the translocation site and tended to decrease in the reintroduction sites. The inbreeding coefficient of the translocated population diminished and the heterozygosity increased, whereas a tendency toward the opposite result was observed in the global evaluation of native and reintroduced populations. The average heterozygosity of a population is influenced not only by its founder size, but also, and more importantly, by the rate of population growth after its founding (Maruyama and Fuerst 1985) . On the other hand, the translocated L. rosalia showed a greater loss of alleles than the reintroduced individuals. When populations experience a bottleneck effect, their allelic diversity can be lost much more rapidly than their heterozygosity, through drift (Maruyama and Fuerst 1985; Allendorf 1986) .
Genetic structuring was observed among all sites, and changes in pattern were detected across the periods of time studied. A conspicuous within-site population structuring was observed in the translocated site in the founder period (historic), reflecting the mixing of isolated small populations. The population structuring became more site-related particularly in the recent period, suggesting admixture within the population as well as low or inconsistent gene flow between sampling sites after release. A similar result was observed for the swift fox, Vulpes velox (Cullingham and Moehrenschlager 2013) . Probably, the temporal variation of genetic structuring resulted from a combination of the management type used during foundation of the populations, genetic drift due to the small effective population size, and the subsequent limitation of gene flow after individual translocations and reintroductions.
Temporal changes in effective population size and genetic diversity
Although the translocated and reintroduced populations of L. rosalia increased in size over time (Kierulff et al. 2002) , their N e was relatively low (based on Franklin and Frankham 1998), while their genetic diversity varied on a case-by-case basis. The N ei at the reintroduction sites had a tendency to decrease-observed mainly in the REVR site-while the number of reproductive translocated adults increased over time. Congruently, researchers in the field reported that the number of reintroduced adults that survived after release was much lower than the cumulative number of individuals over time (see Study species, above). In contrast, the translocated animals had a high survival rate among adults post-release (annual average 82%) (Kierulff et al. 2002) .
In addition to fluctuation in population size over generations, variance in family size and unequal sex ratio also affect the N e of populations. N e typically is much lower than the estimated census population size, generally averaging about 10% of the census population size (Frankham 1995; Frankham et al. 2010) . Typically, L. rosalia lives in small family groups with monogamous and occasionally polygyny mating system (Baker et al. , 2002 Dietz and Baker 1993) . This may explain the low N ev values observed in SJRB and REBIO União. Moreover, considering the overall population size estimate of 1500 individuals for L. rosalia (Holst et al. 2006; Procópio-de-Oliveira et al. 2008) , the expected N e value is in agreement with the N ev range obtained . This value is far less than the 500 individuals recommended to retain the evolutionary potential of the species (Franklin and Frankham 1998) .
We also found a small N ei /N c ratio for all sampling sites. On the other hand, the N ev /N c ratio was high in the REAVII and native sites. In the REAVII site, considering that it is a small area and is extensively monitored by AMLD, we believe that the census value is likely a reasonable estimate. In contrast, we believe that the census population size of the native site is underestimated. In fact, current estimates show that the population size in this region is much higher than expected (Morais, pers. com.). In some sites where there was no evidence of variation in the allele frequencies caused by a finite number of parents, the N e estimates showed infinite and/or negative values, although sampling errors (Waples and Do 2010; Do et al. 2014) and bias due to the small sample size (Waples 2006; Jorde and Ryman 2007 ) cannot be discarded.
Genetic diversity is lost at a rate that depends on the effective population size, rather than the census population Fig. 3 Simulated loss of mean number of alleles per locus (Na) over 50 years in native (dashed line), reintroduced (dotted line) and translocated (continuous line) populations of Leontopithecus rosalia assuming constant population size through time size (Frankham et al. 2010) . It comprises both allelic diversity and heterozygosity (Ballou and Foose 2010) . When we compared the recent observed heterozygosity among management types, our results showed that the translocated and reintroduced populations had higher heterozygosity rates than the native population. Similarly, when we evaluated the temporal changes in the allele frequencies in the reintroduced and translocated populations in comparison with the native population, our results showed that translocation and reintroduction achieved conservation goals: they maintained or recovered the depleted alleles. Furthermore, translocation recovered private alleles of small and isolated populations that were originally distributed in gallery forests of the SJRB and in restinga forests on the coast of Rio de Janeiro State (Kierulff 2000; Grativol et al. 2001; Kierulff et al. 2002) . A similar conclusion was previously reached by Grativol et al. (2001) , comparing a smaller sample size of translocated and native L. rosalia. In addition, Grativol (2003) reported private haplotypes in the translocated population. However, the possibility that such alleles
were not yet sampled in the native population can be not excluded. When we evaluated the temporal changes within sites, the heterozygosity at the translocation site increased and the F is decreased over time, while an inverse tendency was observed in the reintroduction and native sites. On the other hand, the greatest losses of alleles happened in the translocated population, particularly during the first years after translocation. Probably, the main factor responsible for the initial loss of alleles in the translocated population was the mixing of rare alleles in a large population during its establishment (Grativol et al. 2001) . Alternatively, these lost alleles may be the result of unsampled descendants of founders in the recent sampling. Similarly, the initial increase in heterozygosity in the translocated population may result from mixing of genetically distinct social groups and may be a recent increase. Since the translocated population remains isolated, and without additional translocations, it is expected to experience drift and inbreeding in the near future (e.g., Kennington et al. 2012) .
The second greatest loss of alleles over time was observed in the REVR reintroduction site. Both REVR and the translocation sites are isolated populations, whereas gene flow is probably facilitated by the structural connectivity of the landscape in the other remaining areas . Even relatively large isolated populations can lose genetic diversity relative to their sources (e.g., Mock et al. 2004) . Additionally, the simulation of variation in allelic diversity over time also showed that losses may continue if the translocated population remains isolated over time. If migration is limited and inbreeding continues after founding, the genetic diversity may continue to decline over time (e.g., Kennington et al. 2012) . Losses of alleles in the translocated population were greater initially and continued over time. In some cases, loss of alleles are greater initially, when the bottleneck effects are induced by reintroduction or translocation, but they cease over time (e.g., Bristol et al. 2013 ) if population connectivity is restored.
A similar pattern of losses of alleles was observed in the simulation with the reintroduced population, but was less intense than that observed in the translocated population. Similarly, pedigree analysis showed that the reintroduced L. rosalia population retained 96% of its genetic diversity relative to the source population (Mickelberg 2011) . However, some reintroduced sites showed genetic diversity losses and an increase in the F is over time. At the molecular level, the F is of the REAVII site (located in Aldeia Velha) increased over time. Similarly at the pedigree level, Aldeia Velha had the largest F is . According to pedigree analysis, the annual mean F is of reintroduced L. rosalia increased most rapidly in the population from 1993 to 2000; thereafter inbreeding was steady, increasing only slightly at an average rate of 0.3% per year (Mickelberg 2011) . Pair-wise comparisons also showed that the reintroduced population had a greater F is than the translocated population. The native population also had lower heterozygosity and larger F is than the translocated population, but it had the lowest loss of the average number of alleles over time (until 2045, see Fig. 3 ). Moreover, the native as well as REAVII sites showed a decrease of in H o over time only when considering the set 1 analysis, and may be skewed by the family structure of the species.
Temporal genetic structure
Bayesian cluster analyses showed that population structuring of L. rosalia became more site-related over time; probably due to subsequent exposure of the founder populations to the process of genetic drift and isolation promoted by low forest patch connectivity. Reintroduction and translocation programs only have positive effects on demographics and genetic composition if the external factors that limit the population expansion are also controlled (Kleiman 1989) . The ΔK value was optimal when the wild L. rosalia population was strongly structured into two genetic clusters in both historic and recent periods. One cluster was composed of translocated individuals and the other cluster was a combination of native and reintroduced individuals. Differentiation of the translocated population may be the result of early separation from other populations of the species. The majority of the founders of the translocated population represent L. rosalia descendants of the coastal Atlantic Forest, which has a distinct physiognomy and is historically isolated by distance (Guedes-Bruni et al. 2006) .
On the other hand, the suboptimal ΔK values showed the influence of management strategies and of spatial distribution on the population structure. In the historic period, there was a sub-structure in eight genetic clusters that revealed the genetic structure before the translocated population was established, and the mixing between and within reintroduced populations. Congruently, a high proportion of HWE deviations were observed particularly in the translocation site, and historic period, as a consequence of the mixing of different populations, i.e. the Whalund effect (Sinnock 1975) . The translocated population was founded by isolated social groups, and the reintroduced populations were founded by the offspring of 33 founders distributed among 30 zoos and genetically managed using pedigree analysis (Kierulff et al. 2002 (Kierulff et al. , 2012 . Lasting for two generations (11-12 years), this sub-structure was reduced to three genetic clusters-there was a greater homogenization within each management type and distinction between them. These scenarios show the influence of management and the subsequent limitation of gene flow, probably caused by physical barriers in the new habitat.
As we expected, we found no genetic evidence of isolation over time for the native population. Likewise, the reintroduced population showed no evidence of isolation over time; however, we observed a tendency toward genetic structuring that corresponds with the release sites. The representation of each site in the within-population structure of reintroduced groups is similar to those indicated by the pedigree analyses (see Mickelberg 2011) . Conversely, a change in the genetic structure over time was observed in the translocated population. The greater representation of some translocated groups over others in the recent population suggests a within-population genetic distinction over time (see Fig. 4 ). Nevertheless, these structuring scenarios could also be the result of the small sample size especially for the historic period (Kalinowski 2011) .
Overview for conservation strategies
Genetic consequences of reintroductions and translocations depend on many local factors that need to be considered on a case-by-case basis. Differences in management between reintroduction and translocation can affect the genetic outcome of the conservation efforts and ultimately the viability measures of the population. For L. rosalia, the reintroduction drew from captive animals managed as one population through a studbook (Ballou and Cooper 1992; Ballou et al. 2002) . Animals were also channeled to the wild via "Gateway Zoos" that provided key pre-release experience (Beck and Castro 1994; Stoinski et al. 1997 ) and the in-situ reintroduction protocols were designed to keep the captiveborn animals alive in the wild until reproduction . This management procedure likely reduced initial losses of allelic diversity. On the other hand, differential post-release mortality-which was high for the captive-born adult animals (44% survival to 1-year) and low for their wild-born offspring (81% survival to 1 year of age; Beck et al. 1991 Beck et al. , 2002 -and the fragmented structure of the landscape may have contributed to the low gene flow between populations, higher inbreeding coefficient than the translocated population and a trend of lower effective population size over time.
The translocated population was comprised of isolated social groups known to differ in genetic structure, to have low genetic diversity, inbreeding, and rare and private alleles (Grativol et al. 2001 ). When inbreeding is clearly a factor, the mixture of individuals from different populations is recommended (IUCN/SSC 2013). Because of these characteristics, managers decided to translocate entire social groups of L. rosalia to one protected area, as opposed to distributing the groups among existing populations. The groups of L. rosalia stayed as cohesive reproductive units after translocation, and reproduction in this population was successful (Kierulff 2000; Kierulff et al. 2002) . As a consequence, translocated L. rosalia showed a relative decrease in inbreeding over time. Management notwithstanding, the translocated population showed a loss of allelic diversity.
Both populations (translocated and reintroduced) of L. rosalia showed an increase in population size, making a significant demographic contribution toward a viable freeliving metapopulation (Kierulff et al. 2002) , albeit with some loss of genetic diversity. The genetic analyses of other reintroduced and translocated species, e.g., Antilocapra americana (Stephen et al. 2005) , and Meleagris gallopavo merriami (Mock et al. 2004) , also showed that these populations grew rapidly but suffered a reduction in their genetic diversity. Future gene flow into these populations via natural dispersal could increase their genetic diversity (as observed by Ortego et al. 2011) . We recommend that the success of reintroduction and translocation programs be measured both in terms of demographic and genetic monitoring outcomes.
Reintroduction and translocation programs should carefully consider and include landscape structure in long term planning. Our results indicated a low gene flow among L. rosalia populations after translocation and reintroductions. Thus, landscape connectivity influenced genetic diversity and population structure of L. rosalia. Furthermore, simulations suggest that if the translocated population of L. rosalia continues to be isolated, alleles will continue to be lost over time. Ongoing analyses of functional connectivity will be important to evaluate long-term population viability and to avoid the negative effects of small population size (as observed by Cullingham and Moehrenschlager 2013) . We recommend future research on landscape elements that may limit gene flow among L. rosalia populations and on measures for reconnection and restoration of their habitats. We suggest that habitat reconnections (Dobson et al. 1999; Bouzat et al. 2009 ) and restocking (IUCN 1987 ) be done to promote gene flow among populations of L. rosalia. In the case of REVR site, as habitat reconnection is impaired by the BR 101 road, we suggest its supplementation and/ or translocation of some individuals to an unoccupied habitat in the northern of BR 101 road. The translocated site also has a geographically isolated population, although it is surrounded by unoccupied forest patches. We suggest that translocations to these forest patches might increase gene flow and improve the long-term persistence of these populations. The remaining population from the coastal region of Rio de Janeiro (PMLD, Fig. 1 ) is a possible candidate for animals to translocate. However, a previous genetic analysis of PMLD individuals will be needed to ensure that the genetic diversity in the founder population will be maximized.
The current long-term study indicates that a number of factors-such as the genetic composition and the number of founders, the genetic management of the populations, and the ability of each population to expand quickly and landscape connectivity-can influence the genetic diversity and structure of a population under conservation management.
If a population has a small size at its founding, low growth rate, and low migration rate, the genetic diversity of the established populations may become reduced following a translocation or a reintroduction (Thrimawithana et al. 2013) . Therefore, we recommend monitoring the population genetics before and after a translocation and/or reintroduction, and maintaining population connectivity thereafter to avoid the negative effects of a small population size. Translocation and reintroduction are useful conservation strategies, but they should be done in combination with other strategies (Kleiman 1989 ) such as habitat restoration, to guarantee a minimum population size and gene flow among the populations.
